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ABSTRACT 
Thermal s to rage  systems o f f e r  u t i l i t i e s  a  
means to  change t h e  enerRy use p a t t e r n s  of both 
r e s i d e n t i a l  and commercial and i n d u s t r i a l  (CLI) 
customers by moving water-heatine; and space- 
condit ioning loads From peak t o  offpeak periods.  
Benefi ts  from investments i n  these  systems 
include reduced c a p i t a l  investment i n  new cene- 
r a t i n g  capac i ty ,  reduced opera t ing  c o s t s ,  and 
reduced r i s k  associated with load growth pro- 
jec t i o n s  and fu ture  environmental l e g i s l a t i o n .  
This paper p resen ts  t h e  r e s u l t s  of  a  study 
undertaken t o  evaluate  the  performance of and 
quant ify the  p o t e n t i a l  economic b e n e f i t s  of C & I  
cool s to rage  systems. The paper is o r ~ a n i x e d  
i n t o  th ree  major sec t ions .  Sect ion one d i scusses  
t h e  empir ical  da ta  gathered from TlJA's C & I  Cool 
Storage Demonstration conducted during the  summer 
of  1984. Sect ion two d i scusses  TVA7s methodoloay 
For quant ifying the p o t e n t i a l  economic b e n e f i t s  
of these system.s. F ina l ly ,  t h e  r e s u l t s  a r e  
summarized x i t h  regard t o  fu ture  program 
a c t i v i t i e s .  
The s i t u a t i o n  facing t h e  TVA power system a t  
p resen t  is one common t o  many of  our  neighborinp: 
u t i l i t i e s - - e x c e s s  capaci ty.  Our l a t e s t  projec-  
t i o n s  show t h a t  a d d i t i o n a l  capac i ty  under the  
hizh load f o r e c a s t  is not needed u n t i l  1996 and 
i t  is not needed u n t i l  2004 under t'ne medium load 
f o r e c a s t .  Based on these p r o j e c t i o n s  and con- 
s t r u c t i o n  schedules ,  TVA w i l l  n o t ,  a t  p r e s e n t ,  
?eed t o  make a  decisj-on on new capac i ty  a d d i t i o n s  
u n t i l  1988. Between now and 1988, TVA has a  
"window of opportuni tv" i n  which t o  r e f i n e ,  
p o l i s h ,  and prepare i t s  conservat ion and enerpy 
mana~emen t proarams t o  compete with the  supply - 
s i d e  opt ions.  Within t h i s  "window of opportu- 
n i t y , "  TVA is p l a n n i n ~  t o  f u l l y  implement a  
demand -s ide management program, to  r e f i n e  i ts  
informa tion-gathering techniques,  to  cont inue 
expanding and improving i t s  a r s e n a l  o f  a n a l y t i c a l  
and forecas t ing  too ls ,  to demonstrate new and 
promis i n s  t e c h n o l o ~ i e s ,  and to form a p o r t f o l i o  
of  conservat ion and energy manapmen t programs 
t h a t  a r e  ready t o  be phased i n  a s  power system 
needs d i c t a t e .  TVA cons iders  i t s  conservat ion 
and energy manall(ement a c t i v i t i e s  to he the  most 
F lex ib le  option a v a i l a b l e  t o  dea l  with the  myriad 
of uncer t3 ln t ins  t h a t  face the u t i l i t y  today. In  
t h a t  con tex t ,  TVA is moving dec i s ive ly  i n  these 
program areas .  
A .  8. Dahmus 
Tennessee Valley Authority 
Chattanooga, Tennessee 
1984 C L I  COOL STORAGE DEMONSTRATION PROJECT 
One proRram a r e a  t h a t  holds p a r t i c u l a r  
promise is load rnanapement s t o r a g e  technologies .  
TVA i n i t i a t e d  a  f i e l d  demonstration i n  1982 to 
t ,est t h e  performance of  coo l  s t o r a g e  systems. 
The cool  s t o r a g e  systems included i n  t h e  
demonstration were designed t o  reduce peak 
e l e c t r i c a l  loads  during t h e  cool ing season by 
st or in^ cool in8  capac i ty  during offpeak periods.  
Each system included a  Thermaster thermal s t o r a ~ e  
u n i t  which s to red  cool ing c a p a c i t y  by bu i ld ing  
i c e  on c o i l s  immersed i n  a  water  tank. The c o i l s  
functioned a s  t h e  evaporator  fo r  a  conventional 
r e f r i g e r a t i o n  system using R-27 and an air-cooled 
condenser. Chil led water  was c i r c u l a t e d  around 
t h e  i c e  t o  a  duct  c o i l  t o  supply cool ing t o  t h e  
conditioned space. The r e f r i g e r a  t i o n  sys  tern was 
con t r o l l e d  by a  time-of-day e l e c t r i c  meter and 
was allowed t o  opera te  only durine; offpeak 
periods.  An ice- thickness  c o n t r o l  shu t  o f f  the  
r e f r i ~ e r a t ~ i o n  system when t h e  i c e  huildup reached 
a predetermined th ickness ,  normally 2-1/2 inches. 
Chi l l ed  water de l iverv  t o  t h e  load and a ~ s o c i a t e d  
pump operat ion were allowed a t  any time a s  
determined by the  space thermostat .  No n u x i l i a r v  
cool ina m s  a v a i l a b l e  during normal opera t ion ,  so  
space temperatures  increased  i f  t h e  cool s t o r a c e  
system could n o t  meet t h e  cool ing load. 
The t h r e e  cool s t o r a g e  systems were located 
a t  Madison Countv Health Center i n  Jackson, 
Tennessee, and Merita T h r i f t  S tore  and West End 
Furn i tu re  S t o r e  i n  Knoxville,  Tennessee. System 
design parameters a r e  shown i n  Table 1 .  
TABLE 1 
COOL STSRAOE S Y S T M  D F X C I l  PARANETERS 
Fate4 Coa l  h t l m a t e d  Derlgn Comprcuc? 
S t t n  Storage Capacitv Coo1 1 n ~  Load S11.c 
1 t a n l h r )  ( t a n )  ( h p )  
Hndlson County 
H e a l t h  Crntnr 
West End F u n l t u n  48 
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Each coo l  s t o r a g e  sys tem was monitored by an  
8-channel,  s o l i d - s t a t e  d a t a  l ogge r .  In s t rumen t  
r ead ings  were s t o r e d  a t  15-minute i n t e r v a l s  by 
t h e  d a t a  l o g g e r  and t r a n s m i t t e d  d a i l y  t o  a  
c e n t r a l  computer by t e l ephone .  S i x  measurement 
p o i n t s  were monitored f o r  each o f  t h e  t h r e e  c o o l  
s t o r a ~ e  sys tems : 
Bui ld ing  e l e c t r i c a l  l oad  (kwh) 
Compressor e l e c t r i c a l  load (kwh) 
Ambient dry-bulb t empera tu re  (OF) 
Ch i l l ed  wa te r  supp ly  t empera tu re  (OF) 
C h i l l e d  wa te r  r e t u r n  t empera tu re  (OF) 
Ch i l l ed  water  supp ly  f low ( g a l )  
The moni tor ing  sys tems performed w e l l ,  wi th  
a l l  raw d a t a  c o l l e c t e d  a t  a l l  t h r e e  s i t e s  excep t  
f o r  4 days  i n  e a r l y  May a t  West End F u r n i t u r e  
S t o r e .  
The t h r e e  coo l  s t o r a g e  sys tems ope ra t ed  a s  
expected  f o r  most o f  t h e  moni tor inp  pe r iod .  Each 
svs tem showed onpeak compressor o p e r a t i o n  f o r  
s e v e r a l  s c a t t e r e d  days  du r ing  t h e  3-month 
pe r iod .  The few days  o f  onpeak ope ra  t i o n  f o r  
each sys tem d i d  n o t  appea r  t o  s i g n i f i c a n t l y  
a f f e c t  o v e r a l l  r e s u l t s  and were probahly  d u e  t o  
maintenance a c t i v i t i e s .  
T e s t  r e s u l t s  i n d i c a t e d  a s e a s o n a l  COP o f  
approximate ly  1.7 f o r  t h e  Madison County and 
N e r i t a  sys tems and approx ima te ly  1.0 f o r  t h e  West 
End system. The r e l a t i v e l y  low e f f i c i e n c y  a t  
West End r e s u l t e d  i n  a  s i e n i f i c a n t  enerqy 
pena l  t v .  
Two f a c t o r s  a r e  kn0~tT-I t o  c o n t r i b u t e  t o  lower 
energy e f f i c i e n c y  o f  c o o l  s t o r a a e  svs tems a s  
compared with conven t iona l  ones--heat g a i n  t o  
s t o r a ~ e  and reduced e f f i c i e n c y  o f  t h e  
r e f r i g e r a t i o n  equipment from lower  r e f r i ~ e r a n t  
t empera tu re s  r equ i r ed  t o  make i c e .  D i r e c t  
measurement o f  t h e s e  pa rame te r s  was beyond t h e  
scope o f  t h i s  moni tor ing  p r o j e c t .  However, 
manufac tu re r ' s  d a t a  f o r  t h e  compressor and 
condensing u n i t  i n s t a l l e d  a t  Madison County 
showed approximate ly  a  35-percent  r e d u c t i o n  i n  
e f f i c i e n c y  a s  s u c t i o n  t empera tu re  was reduced 
from 35 F t o  10 F  f o r  t y p i c a l  condensing tempera- 
t u r e s .  The evapora t i n 8  t empera tu re  must be  
s u b s t a n t i a l l y  lower  t han  73 F f o r  i c e  build in^ 
svs tems s i n c e  h e a t  must be  t r a n s f e r r e d  t o  t h e  
r e f r i ~ e r a n t  through a  c y l i n d e r  o f  i c e  w i th  
r e l a t i v e l y  low thermal  c o n d u c t i v i t y .  
F i g u r e s  1-3 show t h e  e l e c t r i c a l  l o a d s  f o r  
t h e  t h r e e  svs tems f o r  J u l y  20-21. Also shown f o r  
r e f e r e n c e  i n  t h e  f i a u r e s  is the  TVA sys tem load  
i n  GW (1 ,000  MW) f o r  t h e  2  days .  Ju ly  20 was a  
Fr iday and compressor o p e r a t i o n  was i n t e r r u p t e d  
du r ing  t h e  onpeak p e r i o d .  The Madison Countv 
sys tem appea r s  to  have been c o n t r o l l e d  on 
S a t u r d a y ,  J u l y  21,  which is an offpeak day,  h u t  
a p p a r e n t l y  t h e  svs tem reached a  f u l l y  c h a r ~ e d  
s t a t e  and a u t o m a t i ~ a l l y  o u t  o f f .  
F i g .  1 
F i g .  2 
F i g .  3 
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ECONOMICS OF THERMAL STORAGE SYSTEMS 
TVA j u s t i f i e s  expenditures  of power funds 
f o r  programs t h a t  do not d i r e c t l y  produce 
e l e c t r i c i t y  by using the  power c r e d i t  
methodology. The power c r e d i t  methodology 
at tempts  t o  quant i fy  t h e  value o f  these programs 
with respec t  to  fu ture  system load growth, f u t u r e  
system expansion p lans ,  and projected f inances 
and r a t e s .  
DETERMINING PROGRAM BENEFITS 
Over the years ,  TVA has developed models to  
quant ify t h e  cos t  e f fec t iveness  of conservat ion 
and energy management programs. TVA' s methodo- 
logy f o r  determining the c o s t  e f fec t iveness  of 
i ts  conservat ion and energy management programs 
r e l i e s  on est imating the presen t  and f u t u r e  
b e n e f i t s  and c o s t s  to the  power svstem, the  
zonsumer, and soc ie ty  a s  a whole (power system 
and consumer). 
The conceptual reasons why conservat ion 
programs a r e  b e n e f i c i a l  to  the power svstem a r e  
f a i r l y  s t ra igh t forward .  However, computing the  
a c t u a l  saving over the  l i f e  of a given 
conservat ion investment is complex. F i r s t ,  t h e  
c o s t  of generat ing e l e c t r i c i t y  v a r i e s  with t h e  
time of day, day of t h e  year ,  and year  being 
considered. Therefore,  providing an accura te  
e s t i . m t e  of  the  value of t h e  energy saving 
involves an hour-by-hour d e t a i l e d  s imulat ion of  
power system operat ion.  These es t imates  a r e  made 
using TVA's system r e l i a b i l i t y  and production 
cos t ing  programs t h a t  encompass i n  forma t i o n  on 
f u t u r e  plan c a p i t a l  c o s t s ,  fue l  c o s t s ,  opera t i o n  
and maintenance c o s t s ,  maintenance schedules ,  
p lan t  capaci ty f a c t o r s ,  and o t h e r  re levan t  
performance parameters. 
Benef i t s  f o r  a conservat ion a c t i v i t y  a r e  
measured hy the  m r g i n a l  o r  avoided c o s t s  of 
reducing system output.  The measure of b e n e f i t s  
to  the  power system f o r  i n c r e a s i n ~ :  or d e c r e a s i n ~  
output  is the d i f fe rence  he tween the  long-term 
marginal c o s t  a s  compared with the  long-term 
average cos t .  Benef i t s  to  consumers a r e  measured 
by the  reduct ion in e l e c t r i c  b i l l s  a s  determined 
b v  reduced long-term averaRe c o s t s .  
Long-term m a r ~ i n a l  c o s t  is defined and 
measured by c h a n ~ e s  i n  svstem c o s t  f o r  Changes i n  
system output.  T V A ' s  s t a f f  has developed the  
models and procedures to  est imate both the long- 
term marginal and average cos t s .  Figure LI 
i l l u s t r a t e s  the l inkage of models u t i l i z e d  in  
develoning marainal and average cost  est imates .  
PROCEDURE FOR 
ECONOMIC ANALYSIS 
OF POWER SYSTEM EXPANSION 
In  a d d i t i o n ,  p r e c i s e  es t imates  of  f u t u r e  
e l e c t r i c  demand cannot be made with c e r t a i n t y .  
Compounding t h e  d i f f i c u l t i e s  involved i n  planning 
is t h e  f a c t  t h a t  p a s t  e l e c t r i c  consumption t rends  
a r e  of  ques t ionable  value f o r  p red ic t ing  f u t u r e  
e l e c t r i c i t y  usage. Regardless, TVA must plan t o  
meet f u t u r e  system requirements f o r  a t  l e a s t  20 
y e a r s  i n  advance, pr imari ly  because of the  
l e n ~ t h y  leadt imes (10 to 15 years )  assoc ia ted  
with completion of  l a r g e  generat ing f a c i l i t i e s .  
Uncertainty concerning f u t u r e  demand and energy 
is factored i n t o  the  planning process by 
evalua t ing  generat ing requirements over a range 
o f  f o r e c a s t s  which a r e  based on low, medium, and 
high load growth scenar ios .  
The t r u e  measure of  t h e  worth of  cool 
s t o r a g e  systems is  t h e i r  b e n e f i t  to s o c i e t y  which 
is  the sum of  t h e  b e n e f i t s  to  t h e  customer and 
t h e  power system. The s o c i e t a l  b e n e f i t  provides 
an upper l i m i t  on the  c o s t  of these systems. 
Based on t h e  a n a l y s i s  of t h e  p re l iminam da ta  
c o l l e c t e d  from the 1984 demonstration, TVA 
es t imates  s o c i e t a l  b e n e f i t s  of $64O/kW, $400/kW, 
and $100/kW f o r  t h e  high,  medium, and low load 
f o r e c a s t s ,  r espec t ive ly .  These va lues  a m  f o r  a 
1990 i n s t a l l a  t i o n  and a r e  s t a t e d  i n  1985 
d o l l a r s .  
CONCLUSIONS 
I n  Figure 5 ,  t h e  r i s e  i n  indoor temperature 
above c o n t r o l  s e t p o i n t s  f o r  a t y p i c a l  day 
i l l u s t r a t e s  t h a t  t h e  coo l ing  svstem a t  Vest End 
Furn i tu re  S t o r e  is  inadequate t o  meet normal 
cool ing loads.  It  was learned t h a t  t h i s  
def ic iency  was no t  due t o  an improperly s i z e d  
s t o r a g e  o r  icemaking subsvstem, bu t  r a t h e r  to  an 
undersized d i s t r i b u t i o n  system. West End has 
been scheduled f o r  i n s t a l l a t i o n  of a l a r p e r  duct  
c o i l  f o r  t h e  1985 cool ing season which should 
remedy t h i s  problem. 
. . . . . . -. - .. 
BENEWS and COSTS 
Fig. 4 
Fig. 5 
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The Meri ta  T h r i f t  S t o r e  sys tem mainta ined 
p r o p e r  i ndoor  tempera t u r e s  a t  s e  t p o i n  t l e v e l s .  
Although indoor  tempera ture  was n o t  moni tored  a t  
Madison Countv, t h e  sys tem d i d  n o t  show t h e  
c o n s t a n t  c h i l l e d  wa te r  c i r c u l a t i o n  c h a r a c t e r i s t i c  
o f  a n  unde r s i zed  system. 
An undetermined e f f e c t  o f  i c e  s t o r a g e  
c o o l i n g  i n  t h i s  t e s t  is t h e  p o s s i b l e  i n c r e a s e  i n  
t h e  l a t e n t  c o o l i n g  d e l i v e r e d  due t o  t h e  unusua l ly  
c o l d  c h i l l e d  w a t e r  supp ly  from t h e  s t o r a g e  
u n i t s .  The r e s u l t i n g  i n c r e a s e d  d e h u m i d i f i c a t i o n  
c a p a c i t y  would a l l o w  warmer dry-bulb t empera tu re  
s e t t i n g s  t o  supp ly  t h e  e q u i v a l e n t  comfor t  o f  a 
conven t iona l  sys tem,  p o s s i b l y  r educ ing  t h e  
observed energy p e n a l t y  o f  t h e s e  s t o r a ~ e  
sys tems.  A modula t ing  v a l v e  was i n s t a l l e d  a t  t h e  
West End s i t e  f o r  t h e  1985 season  t o  temper t h e  
supply  t empera tu re  t o  t h a t  o f  a conven t iona l  
sys tem which should  improve s e a s o n a l  COP and 
reduce  t h e  energy p e n a l t y  o f  t h e  system. 
Icemaking c a p a c i t y  o f  t h e s e  sys tems cou ld  
n o t  be  measured d i r e c t l y  b u t  appeared marg ina l ly  
s i z e d  f o r  t h e  c o n t r o l  s c h e d u l e s  used i n  t h e  
t e s t .  The icemakers  ~ e n e r a l l y  r a n  t h e  e n t i r e  
a l l o w a b l e  per iod on d e s i a n  days r a t h e r  t han  
s h u t t i n g  o f f  by i c e  t h i c k n e s s  c o n t r o l  b e f o r e  t h e  
end o f  t h e  cha rg ing  pe r iod .  
The d a t a  c l e a r l y  showed t h a t  c o o l  s t o r a g e  
systems e f f e c t i v e l y  s h i f t  e l e c t r i c  l o a d s  to 
of fpeak  p e r i o d s  and t h a t  energy p e r f o r m n c e  is a n  
a r e a  dese rv ing  f u r t h e r  i n v e s t i g a t i o n .  A s  a 
r e s u l t ,  TVA is  unde r t ak ing  a Cool S t o r a ~ e  
Performance T e s t  beg inn in^ t h e  summer o f  1985 a t  
t h e  Chattanoogs. Energy Use T e s t  F a c i l i t y  
l a b o r a t o r i e s  t c  p r o v i d e  t h e  i n f o r m a t i o n  needed to 
a s s e s s  t h e  follow in^ p e r f o r m n c e  pa rame te r s :  
1. E f f e c t  o f  i c e - b u i l d i n g  p r o c e s s  on 
r e f r i a e r a t i o n  performance 
Ref r ige ran t .  condensing t empera tu re  
R e f r i g e r a n t .  s u c t i o n  t empera tu re  
2. Usable t he rma l  s t o r a g e  i n  sys t em 
I c e  t h i c k n e s s  ( c o r r e l a t e d  t o  u s a b l e  s t o r a g e  
by o n s i t e  t e a t s )  
3. Thermal s t o r a g e  sys tem h e a t  g a i n s  f o r  v a r i o u s  
ambient  t empera tu re s  
S e v e r a l  sys t ems ,  a l l  from d i f f e r e n t  
manufac tu re r s ,  w i l l  b e  t e s t e d  and t h e i r  
performance conpared wi th  c o n v e n t i o n a l  sys t ems  t o  
be  a b l e  t o  a d e q u a t e l y  a s s e s s  t h e i r  p o t e n t i a l  
b e n e f i t  and s a v i n g  t o  t h e  end-use commercial  
cus tomers .  
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